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Effects of reduced renal function and dietary protein on muscle protein
synthesis. We describe a rat model of renal failure that separates
catabolic and anabolic states from each other. Muscle protein synthesis
was compared during the anabolic period between sham (S) operated
and renal failure (RF) rats that were fed different levels of dietary
protein. Male rats weighing between 60 and 80 g first had a partial left
nephrectomy and then were given a tryptophan deficient diet from four
to six days to induce weight loss. On the second day of the diet either
a renal decapsulation (S rats) or a simple right nephrectomy (RF rats)
was done to enhance the catabolic response in both and to induce renal
failure in the RF rats. Following the period of feeding the deficient diet,
both groups were fed a nutritionally complete 14, 17, 20 or 30% protein
diet for three to five days. This induced a brisk anabolic response as
measured by weight gain. Differences in body weight between the S and
RF rats after three to five days on the repletion diet generally was less
than 10%. The rats then were fasted overnight, fed a standard meal and
muscle protein synthesis (Sm%) was measured two hours post-feeding.
Sm% was estimated from the incorporation of 3H phenylalanine (PHE)
into muscle 10 minutes following the i.v. injection of 3HPHE (25
CiIl00 g body wt) with carrier PHE to flood all the precursor amino
acid pools. Weight loss in the catabolic phase was greater and the net
weight gain for the two phases was less in the RF group. Overall, renal
failure resulted in a significant reduction in Sm% (P < 0.001). When
Sm% for each S and RF rat, expressed as percent of the average of the
S group for that study, was compared with the reciprocal of serum
creatinine (l/Sr) for that rat a curvilinear relationship was observed.
Sm% in RF rats whose Sr values were between 0.6 and 1.0 mg/dl did
not differ from the S rats, Those with values >1.0 mgldl showed a
definite decrease in Sm%. We conclude that the anabolic response to a
given meal as measured by Sm% during nutritional rehabilitation was
depressed when the renal function decreased to 30% of normal. There
was a tendency in the RF rats on the high protein diet to depress Sm%
further, however, this finding was inconclusive.
Reduction in renal function in children to less than 50% of
normal is commonly associated with poor growth [1]. A de-
crease in skeletal muscle mass often is seen both in children and
adults with reduction of renal function to less than 30% of
normal [2, 3]. The reduced muscle mass may be due to dietary
calorie and/or protein deficiency or to metabolic abnormalities
of uremia including those induced by high dietary protein intake
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[41. Lowering dietary protein intake has long been used in
treating patients to reduce the effect of uremia [5] and, more
recently, with the hope of slowing the progression of renal
injury [6, 7]. The effects of renal failure, as reflected by serum
creatinine (Sr) and of uremia, as reflected by serum urea
nitrogen (SUN), upon body weight, muscle mass and muscle
metabolism—including muscle protein synthesis have been
examined in a number of previous reports [8—lOJ. However, it
has been difficult in reviewing previous studies to distinguish
the effects of renal failure and uremia upon muscle protein
synthesis from those due to differences in body size and
nutritional state. We also anticipated differences if present, to
be more readily seen during an anabolic phase when muscle
protein synthesis rate is highest.
This report describes a protocol in young growing rats that
separates catabolic and anabolic states from each other early in
the course of renal failure and minimizes differences in body
size and nutritional state between S and RF rats at the time
muscle protein synthesis is evaluated. The study examines the
effect of reduced renal function upon weight loss in the cata-
bolic phase of the study initiated by a tryptophan deficient diet
and by the second stage surgical procedure. The major purpose
was to determine whether the level of residual renal function
and the degree of urea retention due to differences in dietary
protein intake or both affected muscle protein synthesis (Sm%)
during the anabolic phase. The anabolic phase immediately
followed the catabolic phase and was achieved by feeding the
rats nutritionally adequate diets for three to five days. Muscle
protein synthesis (Sm%) was measured following a standard-
ized post-meal feeding.
Methods
The experimental protocol is described in Figure 1. Male
Sprague-Dawley rats weighing between 60 and 80 g were
maintained in individual cages and initially had free access to
food and water. The room was maintained in a 12-hour light-
dark cycle and temperature was controlled. After at least 48
hours adaptation, both sham (S) and renal failure (RF) rats had
a first stage 5/6 left nephrectomy on day —6; electrocautery was
used to diminish bleeding. Five days later (day —1), the diet was
changed to a gelatin diet that induced weight loss because it was
deficient in tryptophan (Table 1). The following day (day 0), the
rats were divided into the S and RF groups and had either a
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Table 1. Diets
14% Protein diet 22% Gelatin diet
Sucrose 495 gms 495 gms
Lactalbumin 90 gms 20 gms
Salt Mix 40 gms 40 gms
Vit Mix 10 gms 10 gms
Corn Oil 100 gms 100 gms
Amino acids 50 gms —
Gelatin — 220 gms
Starch 215 gms 115 gms
Note that the protein content of the diet was changed by adding more
lactalbumin or gelatin as described and removing an equal amount of
starch.
renal decapsulation, (S Group) or a right nephrectomy (RF
Group). The gelatin diet was continued for three days (Study A
& B) or five days (Study C). In Study A the gelatin diet was fed
ad libitum and the S group ate more than the RF group; in Study
B & C each rat was given 6 grams per day which usually was
consumed by each rat in both groups. At that point, (day +3 for
study A & B; day +5 for study C), both S and RF rats had a
serum urea nitrogen (SUN-i) determined. Rats in each group
were matched for weight and SUN, and then were assigned to
one of two anabolic diets used in that study: Study A, a 14% or
17% protein diet; Study B, a 14% or 20% protein diet; and Study
C, a 14% or 30% protein diet. The S Group in Study B did not
receive the 14% diet. We elected in Study C to decrease the
gelatin from 22 to 17% to avoid SUN values in the catabolic
phase that exceeded 200 mg/dl, to continue that diet until day
+5 instead of +3 and to feed the anabolic diet until day +10
(4-1/2 days instead of 2-1/2 after beginning the replete diet)
before measuring Sm%.
An acute stimulus to muscle protein synthesis was induced
by removing food from each rat at 10 p.m. the night prior to its
measurement and, 10 to 12 hours later, feeding each rat 2.5
g/100 g body weight its assigned diet. Each rat was fed by gently
restraining the rat in a plastic cone with an enlarged opening so
that his snout protruded. The diet was made into a slurry with
water and delivered to the rat from a small syringe. The rat
eagerly consumed the diet in 5 to 10 minutes. Two hours later,
the rat was given by tail vein 25 Ci of L-(4-3H) phenylalanine
in 150 jM carrier Phe per 100 g body weight. Exactly 10 minutes
later, the rat was decapitated, blood obtained and the gastroc-
nemius muscle quickly snap frozen in clamps cooled in liquid
nitrogen and stored for analysis. Urea nitrogen and creatinine
were determined on the serum using the Sigma kit for these
assays. Muscles were analyzed for the specific radioactivity of
free and protein bound phenylalanine after the method of
Garlick, McNurlan and Preedy [11]. The rate of muscle protein
synthesis was calculated as the fractional rate (Sm%/day) in
accordance with convention using equation 1:
Sm% = [(Sb/Sa) x (1440/10)] x 100% (1)
where Sb and Sa are the specific radioactivities of protein
bound and free phenylalanine in the muscle, respectively; 1440
is the minutes per day and 10 is the minutes during which the
label was incorporated into the protein.
Eight rats were started in each group. Between one and three
died prior to the end of the study. Mortality was not signifi-
cantly greater in the RF rats.
The GLM (Generalized Linear Models) procedure in SAS
(Statistical Analysis System) was used for all the statistical
analyses. Because there was significant variation in average S
among the three studies at the time Sm% was measured, it was
necessary to adjust for the differences in the effect of Sc upon
Sm% before performing further statistical analysis. We com-
pared Sm% to the reciprocal of Sr which we used as an
estimate of glomerular filtration rate (GFR) [12].
Results
The results are expressed as mean and standard deviation of
the mean. Those from the catabolic phase are presented in
Table 2. The differences in SUN-i tended to reflect relative
differences in residual renal function because the protein con-
tent of the tryptophan deficient diet was the same for S and RF
groups. In study A, because the gelatin diet was given ad
libitum, both S and RF rats consumed more food and lost less
weight during the catabolic phase than was the case in Study B
or C. Because the S rats in Study A ate more than the RF rats
we gave the diet in controlled amounts (6 g/day) in Study B and
C. The food usually was fully consumed by rats in both groups.
Weight losses for both groups in Study B and C were greater;
differences between the groups were similar. In all three stud-
ies, the RF groups lost more weight. Weight change during this
phase correlated significantly with the SUN-i drawn at the end
of this phase for rats in the RF group from Study A (r = 0.67;
P = 0.012) and B (r = 0.66; p = 0.04) but not Study C in which
the catabolic diet phase was extended from four to six days.
1st Stage
partial LNx
Table 2. Catabolic response as measured by weight loss of sham (5)
and renal failure (RF) rats post-surgery and on a gelatin (tryptophane
deficient) diet
2nd Stage
RNx or S
Meal—2.5 g/lOOg
Sm—2 hr post-meal
Time, days
Fig. 1. Experimental design. Symbols are: () rat chow; (U) 22%
gelatin diet; () 14, 17 or 20% diet; (U) fast.
% Gelatin
in diet
Days of
catabolic
phase Group N
SUN-i
mg/dl
Wt loss
giday
A 22 4 S
RF
II
13
25 9
208 57
—1.0 1.6
—2.3 1.8
B 22 4 5
RF
7
10
20 6
223 114
—3.4 0.5
—5.0 0.6
C 17 6 S
RF
10
13
30 12
173 26
—3.4 0.6
—5.1 1.3
Rats in study "A" were fed ad libitum; in studies "B" and "C" they
were each given 6 g per day which was generally consumed. Results are
mean SD.
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Table 3 Anabolic response in each of the three stud ies; C rats are those fed 14% diet in Studies A, B, and C
SUN-final Final wt Net wt Se,.
Group
N
C H
mgldl
C H
g
C H
final-day 0
C H
mg/dl
C H
Sm%/day
C H
A Group 14a 17a 14' l7 l4 17 l4 17 14 l7
S 6 5 10 1 12 3 105 12 100 10 +12 3 +9 2 0.4 0.1 0.5 0.1 14.3 3.3 14.1 2.1
RF 6 7 61 29 83 23 89 13 92 16 —3 7 —1 5 1.6 0.4 2.0 0.6 14.1 2.1 10.5 2.6
B Group l4a 20a 14a 20a 14 20 14 20 14 2o
S — 7 — 16 2 — 100 9 — —8 3 — 0.7 0.2 — 10.2 1.5
RF 6 4 74 29 114 47 93 4 96 10 —15 4 —21 2 2.0 1.2 2.0 0.5 8.1 1.9 7.6 1.3
C Group 14a 30a i4 30 14 l4a 30k' l4a 30a
S 5 5 19±3 25±3 118±6 119±6 —8±2 —5±2 0.7±0.1 0.7±0.1 9.6±0.9 10.4±1.7
RF 6 7 34 10 140 57 116 3 107 7 —14 2 —17 2 1.5 0.2 2.1 0.5 8.6 1.1 6.9 2.5
H rats are those fed 17% in group A, 20% in group B, and 30% in group C. Rats in study A were fed ad lib while those in study B and C consumed
about 7.5 g/day. Results are mean SD.
a
Dietary Protein.
The SUN-I also correlated significantly with final 5Cr across all
the RF groups (r = 0.66; P = 0.001). We concluded that weight
loss was greater in RF rats with greater degree of reduction in
renal function and that SUN-l reflected the residual renal
function (Sr) determined at the end of the study.
Results from the anabolic phase are presented in Table 3.
Average SUN final values for the S group reflect mostly
differences in dietary protein; for the RF group average SUN
final values reflect both the differences in residual renal function
and in dietary protein. The average differences in SUN final
between the control (C) and high protein (H) rats for each group
were proportional to differences in dietary protein.
Final body weights in the S groups tended to be higher than
those in the RF groups, but these differences were small,
usually less than 10%. Final weights for both S and RF rats in
group C were greater because we extended both the catabolic
and anabolic periods.
Net weight change in the anabolic period was affected by
weight loss in the catabolic period, that is, greater weight loss
was followed by greater weight gain. We therefore calculated
the net weight change over the catabolic and anabolic periods as
an index of the overall response to the catabolic and anabolic
phases combined. As noted, the S rats in Study A ate more than
the RF rats in the catabolic phase so that they had a net weight
gain. Because we restricted feedings in the catabolic phase in
Studies B and C, net weight change in B and C was negative in
both S and RF groups. The RF rats consistently had greater
weight losses than the S rats, but the average differences were
within 10% of final body weight.
The 5Cr values in the S rats were elevated above values for
normal rats (0.3 mg/dl), because a first stage partial nephrec-
tomy was done in these rats. The Sr values among individual
RF rats varied considerably, as is commonly observed in all
remnant kidney models, but the averages were three times
those of the S rats. We estimated that residual function in the
RF rats was on average one-fifth that of normal and one-third
that of the S rats.
There appeared to be differences in Sm% between the S and
RF groups within each Study, but none were convincingly
significant. Modifications were made in the protocol between
the Study groups which contributed to the between-study
variability. Regression analysis of Sm% on either Sr or SUN
final indicated a highly significant difference between the S and
' I I I I I I I I
0.6 1.2 1.8 2.4 3.0
1/Serum creatinine
Fig. 2. Graph comparing SM as percentage of the average control for
that group against the reciprocal of SCR. Symbols are: (I) uremics;(0) controls.
RF groups in either case (P < 0.001). When 5Cr in the RF rats
was high, Sm% appeared to be low; when it was lower, that is,
less than 1.0 mg/dl, this was not the case. To evaluate the
relation between the magnitude of renal failure and Sm% for all
rats, we adjusted the Sm% value for each rat to express it as a
fraction of the average for the S group of that study and
compared these adjusted values with the reciprocal of 5Cr
(bcr). A curvilinear relation resulted (Fig. 2). Sm% showed
the tendency to fall below normal when 1/Sr fell below 1.0.
The effect of diet upon Sm% was difficult to evaluate when
each group was considered separately because of the consider-
able variability in residual renal function as expressed by Sr.
In Study A, which was done to evaluate whether a 14%
compared with a 17% protein diet was sufficient to support
maximum protein synthesis, this was the case for both the S and
the RF group, that is, the 14% diet was adequate. The tendency
for a lower Sm% in the 17% RF group appeared to be related to
the higher Sr values that were present in some rats within that
group. The data from Studies B and C were too few to
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determine whether the higher dietary protein decreased Sm%.
Multiple regression analysis indicated that after adjusting for
the effect of SCr, SUN did not have a measurable effect on Sm%
(P = 0.22). This suggested that the dietary effect upon SUN was
a marginal factor affecting Sm%. When the effect of dietary
protein upon Sm% was evaluated using the analysis of variance
in which the dietary protein was the factor, a marginally
significant effect was noted (P 0.032). We concluded that our
study did not satisfactorily resolve the question of whether
dietary effect upon uremia affected Sm%, even though the
higher dietary protein did demonstrate a tendency to suppress
Sm% in renal failure.
Discussion
The protocol described provides a means for studying in vivo
metabolic components in renal failure in a defined catabolic and
an anabolic state. We induced renal failure by 5/6 nephrectomy
in young growing rats using a protocol that minimized differ-
ences in body weight between the S and RF rats at the time
observations were made. We also induced a standardized
anabolic phase and showed that rats with severe renal failure
had a decrease in muscle protein synthesis rate in this anabolic
phase.
We reported earlier [13] that muscle protein synthesis, mea-
sured over a six hour period, was depressed in renal failure rats
during fasting but was the same as the sham rats when the rats
were given glucose. Mehis and colleagues [14] reported a
decrease in food efficiency in pair fed uremic rats. Li and
Wassner [15] noted that uremic pair fed rats produced more
3-methylhistidine, a measure of muscle protein breakdown,
than did controls, both during fed and fasted states. However,
the difference was greater during fasting and corresponded to
the greater weight loss observed in the renal failure rats. These
authors in a later study [10] showed that during fasting muscle
protein synthesis, measured in vitro, was less and degradation
was greater in muscles from uremic rats. The uremic rats had
less body fat than the controls; when the rats were fed high fat
diets body fat increased and the effects of uremia upon muscle
protein turnover were decreased. May and colleagues [16]
noted an association between metabolic acidosis and exagger-
ated muscle protein degradation in uremic rats which dimin-
ished when acidosis was corrected. They also observed that
muscle protein synthesis in uremic rats was depressed but was
not affected by correcting the acidosis.
The method used in majority of these studies to induce renal
failure in young growing rats was a two stage procedure that
leads to a substantially greater weight loss for several days
following the second stage procedure than is the case in the
sham operated rats. The renal failure rats eat less and gain
weight that parallels or is slower than that of the shams, but
never catches up. Pair feeding the sham to the renal failure rat
lessens, but does not abolish, the difference in body size, but
the sham rat then is more calorie deficient [9J. Differences in
body size [17] and nutritional state per se alter muscle protein
synthesis and breakdown rates [18], complicating the interpre-
tation of the data relative to the effect of renal failure upon
muscle metabolism.
In the present studies this effect was lessened because the
tryptophan deficient diet, which greatly depresses muscle pro-
tein synthesis, caused a weight loss in the S group that closely
matched that of the RF group. The diet also provided a protein
load that quickly raised the serum urea nitrogen to uremic levels
in the RF rats while avoiding the consequences of starvation.
Using weight loss as a measure of catabolic response we
showed that the RF rats had a greater catabolic response than
the S rats in each of the three studies. When we fed the
repletion diets to the rats in both the S and RF groups they
became anabolic and gained weight briskly at approximately the
same rate. As a result, we attributed the differences in Sm%
between S and RF rats to the effects of renal failure and not to
differences in body size or nutritional state.
The principle purpose of this study was to examine the
anabolic response to a given meal in renal failure. It is a
common clinical impression that patients with reduced renal
function not only suffer exaggerated catabolic response to
stress, but take longer to recover. The effect of renal failure
upon nutritional state and growth in children is most evident
when they develop an intercurrent infection [19]. In our previ-
ous study [13] and in Li and Wassner's study [10] muscle
protein synthesis and degradation in rats did not appear to be
affected by renal failure in the fed or anabolic state. However,
in both instances the stimulus for anabolism probably was not
near maximal and the degree of renal failure varied. In this
study, a significant decrease in Sm% in the RF rats was
observed when compared with the sham operated rats. This
effect was related to the reduction in renal function as measured
by Sr. Sm% decreased when the reciprocal of S. dropped
below 1.0. Delaporte and Gross [20] have shown an inverse
relationship between SUN concentration and muscle protein.
Recently Fujii et al [211 have demonstrated that muscle protein
synthesis was decreased in severely uremic rats, and was not
affected by the administration of protein that would increase
muscle protein synthesis in the controls. The moderately ure-
mic rats in their study, however, maintained their ability to
synthesize muscle protein at control levels. The present study
provides evidence that supports the concept of reduced renal
function slowing recovery in the anabolic phase of a catabolic-
anabolic event. The question of whether dietary protein intake
affected Sm% was not confidently answered as the effect of
SUN upon Sm% was accounted for by Sr and not the effect of
diet upon SUN.
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